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Abstract 
Introduction. Robotic manipulators operate in dynamic environments under uncertainties, external disturbances, and 
actuator faults, posing a critical challenge to their control design. While traditional control strategies, such as PID or 
computed torque control, offer simplicity, they often lack robustness to unmodeled dynamics. The development of robust 
and practically implementable control algorithms is becoming increasingly important with the growing use of 
manipulators in dangerous, precise and ultra-fast operations (industrial automation, medicine, space and service robots). 
Conventional PID controllers and torque calculation methods are simple but not robust enough to handle unmodeled 
effects. Sliding Mode Control (SMC), particularly the Super-Twisting variant (STA), provides strong robustness, but 
suffers from chattering and typically requires prior knowledge of system bounds. Recent advancements like Adaptive 
Global Integral Terminal Sliding Mode Control (AGITSMC) improve finite-time convergence but may result in 
overestimated control gains and residual switching effects. This research addresses a critical gap in current methods: the 
lack of a unified control approach that ensures finite-time convergence, suppresses chattering, and compensates for both 
unknown disturbances and actuator faults using observer feedback. The objective of this work is to design and analyze 
an Observer-Based Finite-Time Adaptive Reinforced Super-Twisting Sliding Mode Control (OFASTSMC) framework 
that adaptively adjusts its gains, estimates disturbances online, and guarantees smooth, robust performance even in the 
presence of severe nonlinearities and faults. The objective of this study is to develop and analyze an Observer-Based 
Finite-Time Adaptive Reinforced Super-Twisting Sliding Mode Control (OFASTSMC) framework that unifies finite-
time observer feedback, adaptive gain tuning, and reinforced sliding surfaces to achieve robust trajectory tracking of 
robotic manipulators under disturbances and actuator faults, while effectively minimizing chattering and ensuring 
practical implementability. 
Materials and Methods. This study considers the standard dynamic model of an 𝑛𝑛-DOF robotic manipulator derived 
using Lagrangian mechanics. The model accounts for nonlinear coupling effects, viscous friction, external disturbances, 
and additive actuator faults. To achieve robust finite-time control, a reinforced sliding surface is constructed using 
nonlinear error terms with adaptive power exponents, which accelerates error convergence. A finite-time extended state 
observer (ESO) is incorporated to estimate lumped disturbances and actuator fault torques in real time. Based on these 
estimates, the control law integrates a super-twisting sliding mode algorithm with adaptive gain tuning and boundary-
layer smoothing to reduce chattering while ensuring strong robustness. The closed-loop system stability is formally 
analyzed within a Lyapunov framework, where rigorous proofs confirm finite-time convergence of the tracking error 
under the proposed controller. The proposed OFASTSMC algorithm is implemented in MATLAB/Simulink and validated 
on a 2-DOF planar robotic manipulator. The manipulator is subjected to time-varying disturbances and actuator 
degradation scenarios. For benchmarking, the method is directly compared with AGITSMC, using identical initial 
conditions, model parameters, and reference trajectories to ensure a fair and consistent performance evaluation. 
Results. Simulation results demonstrate that the proposed OFASTSMC method significantly outperforms the benchmark 
AGITSMC in terms of tracking precision, robustness, and control smoothness. Specifically, the maximum joint position 
errors were reduced by over 40% compared to AGITSMC, and the settling time to reach the desired trajectory was 
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shortened by approximately 25%. Additionally, the proposed method effectively mitigated chattering in the control signal 
due to the use of saturation functions and gain limits, resulting in smoother actuator commands. The adaptive observer 
accurately estimated the lumped disturbance and fault inputs in real time, providing effective fault compensation without 
prior knowledge. These improvements were validated across multiple scenarios including abrupt actuator failures, 
nonlinear load torques, and varying trajectory speeds. The sliding surface convergence was achieved in finite time, 
confirming the theoretical guarantees of the method. 
Discussion. The results validate that OFASTSMC achieves robust, high-precision tracking for robotic manipulators 
operating under real-world uncertainties. Its novelty lies in the integration of adaptive exponent tuning, finite-time 
observer feedback, and gain-limited super-twisting control into a unified and practical framework. Unlike previous 
methods that rely on fixed gain structures or ignore observer feedback, OFASTSMC adapts in real-time and maintains 
finite-time convergence guarantees with minimal chattering. 
Conclusion. The results obtained confirm that OFASTSMC is an efficient and robust solution to the trajectory tracking 
problem in the presence of uncertainties. The method is computationally efficient and easy to implement in digital control 
systems, making it suitable for practical deployment in industrial robots, service manipulators, or surgical arms. Future 
research will focus on extending this method to task-space control and real hardware implementation under sensor noise 
and model mismatches. 

Keywords: robotic manipulators, finite-time stability, super-twisting algorithm, sliding mode control, actuator fault, 
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Аннотация 
Введение. Роботизированные манипуляторы эксплуатируются в условиях изменчивой среды с неопределённо-
стями, внешними возмущениями и возможными отказами приводов, что существенно осложняет проектирование 
надёжных систем управления. Важность разработки робастных и практично реализуемых алгоритмов управле-
ния возрастает с ростом применения манипуляторов в опасных, точных и сверхбыстрых операциях (промышлен-
ная автоматизация, медицина, космические и сервисные роботы). Традиционные ПИД-регуляторы и методы вы-
числения момента просты, но недостаточно устойчивы к немоделированным воздействиям. Управление сколь-
зящим режимом, в частности алгоритм супер-скручивания (STA), обеспечивает повышенную робастность и ко-
нечную сходимость, однако страдает эффектом дрожания и часто требует априорной информации о границах 
возмущений. Современные модификации (например, AGITSMC) достигают конечного времени сходимости и 
снижают дрожание, но могут вызывать завышение управляющих усилий и сохраняющиеся огрехи при оценке 
возмущений и отказов. В литературе заметен пробел: отсутствует интегрированный подход, который одновре-
менно обеспечивает конечновременную сходимость, адаптивную компенсацию неизвестных возмущений и от-
казов, подавление дрожания и практическую реализуемость. Поэтому целью данной работы стало разработать и 
проанализировать новую структуру управления OFASTSMC (Observer-Based Finite-Time Adaptive Reinforced 
Super-Twisting Sliding Mode Control), объединяющую конечновременный наблюдатель, адаптивную настройку 
усилений и сглаженное супер-скручивающее управление. Решаемые задачи: построение конечновременного 
наблюдателя для оценки возмущений и отказов в режиме онлайн; разработка адаптивного механизма настройки 
усилений для предотвращения завышения управляющих сигналов; внедрение сглаженной STA для минимизации 
дрожания; проведение анализа устойчивости; выполнение численных и экспериментальных проверок на роботи-
зированных манипуляторах. 
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Материалы и методы. Рассматривается стандартная динамическая модель роботизированного манипулятора с 
n степенями свободы, построенная на основе лагранжевой механики. Модель учитывает нелинейные связи, вяз-
кое трение, внешние возмущения и аддитивные отказы приводов. Для обеспечения робастного управления с ко-
нечным временем сходимости была разработана усиленная скользящая поверхность, использующая нелинейные 
ошибки с адаптивными степенями — это ускоряет процесс сходимости. В схему управления включён конечно-
временной расширенный наблюдатель состояния (ESO), позволяющий в реальном времени оценивать суммар-
ные возмущения и моменты отказов приводов. На основе этих оценок закон управления реализован в виде супер-
скручивающего алгоритма скользящего режима с адаптивной настройкой коэффициентов и использованием гра-
ничного слоя для снижения дрожания при сохранении высокой робастности. Устойчивость замкнутой системы 
строго проанализирована с использованием аппарата теории Ляпунова — это позволило доказать достижение 
конечного времени сходимости ошибок слежения под действием предложенного регулятора. Предложенный ал-
горитм OFASTSMC реализован в среде MATLAB/Simulink и проверен на примере плоского роботизированного 
манипулятора с двумя степенями свободы. Манипулятор подвергался действию переменных возмущений и сце-
нариев деградации привода. Для объективного сравнения эффективности метод сопоставлялся с AGITSMC при 
идентичных начальных условиях, параметрах модели и опорных траекториях. 
Результаты. Численные эксперименты демонстрируют, что предложенный метод OFASTSMC значительно пре-
восходит AGITSMC по точности слежения, устойчивости и плавности управления. В частности, максимальные 
ошибки по положению звеньев снижены более чем на 40%, а время установления траектории уменьшено при-
мерно на 25%. Метод эффективно устраняет дрожание в управляющем сигнале за счёт функций насыщения и 
ограничений усиления, обеспечивая более плавное управление приводами. Адаптивный наблюдатель точно оце-
нивает суммарные возмущения и входы отказов в реальном времени, обеспечивая компенсацию без предвари-
тельной информации. Эффективность метода подтверждена в различных сценариях: резкие отказы приводов, 
нелинейные нагрузки, переменные скорости траектории. Сходимость на скользящей поверхности достигается за 
конечное время, что подтверждает теоретические гарантии. 
Обсуждение. OFASTSMC обеспечивает высокоточную и робастную траекторию слежения в условиях неопреде-
лённостей. Основное преимущество метода — интеграция адаптивной настройки степеней, наблюдательной об-
ратной связи и ограниченного супер-скручивающего управления в единую структуру. В отличие от подходов с 
фиксированными усилениями или без наблюдательной обратной связи, предложенная схема адаптируется в ре-
альном времени, что позволяет поддерживать сходимость и существенно снижать дрожание управления. Метод 
сочетает адаптивность, наблюдательную коррекцию и ограниченное супер-скручивание, обеспечивая устойчи-
вую сходимость и минимизацию дрожания.  
Заключение. Полученные результаты подтверждают, что OFASTSMC является эффективным и робастным ре-
шением для задачи траекторного слежения в присутствии неопределённостей. Метод демонстрирует вычисли-
тельную эффективность и простоту реализации, что делает его пригодным для практического применения. Для 
дальнейшего развития исследования планируется переход к реализации управления в пространстве задач и про-
ведение экспериментов на физическом оборудовании с учётом шумов и модельных несоответствий. 

Ключевые слова: роботизированные манипуляторы, устойчивость за конечное время, алгоритм супер-скручивания, 
управление на основе скользящего режима, отказ привода, адаптивное управление, управление с наблюдателем 
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Introduction. Robotic manipulators play a pivotal role in modern industries such as manufacturing, logistics, 
minimally invasive surgery, space exploration, and service robotics [1–3]. Their widespread deployment in safety-critical 
tasks requires not only high-precision trajectory tracking but also resilience against uncertainties, actuator degradation, 
and time-varying disturbances [4–6]. With the growing complexity of Industry 4.0 systems and the rise of human–robot 
collaboration, the demand for robust and adaptive control solutions has become more pressing than ever [7–9]. 

Classical control methods, such as PID and computed torque control, are widely used for their simplicity but often 
fail in scenarios with strong nonlinearities, friction, and payload variations [10, 11]. Model predictive control (MPC) 
improves prediction and performance but requires accurate modeling and significant computational resources [4, 12, 13]. 
Over the past three decades, sliding mode control (SMC) has emerged as a powerful tool due to its robustness against 
unmodeled dynamics and external perturbations [14, 15]. However, conventional SMC induces the well-known chattering 
effect, which excites high-frequency dynamics, accelerates actuator wear, and degrades performance [15, 16]. 

https://doi.org/10.23947/2687-1653-2025-25-4-2209
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To mitigate these drawbacks, advanced higher-order SMC techniques have been developed [17, 18]. In particular, the 
Super-Twisting Algorithm (STA) achieves continuous control with reduced chattering and has been extended to adaptive 
forms [19–21]. More recent strategies, such as Adaptive Global Integral Terminal SMC (AGITSMC), guarantee finite-
time convergence with global terminal sliding surfaces [22]. Nevertheless, these approaches often require precise 
knowledge of disturbance bounds, leading to conservatively large control gains and residual switching effects. 

In parallel, researchers have explored observer-based and intelligent adaptations. Disturbance observers, neural networks, 
and fuzzy approximators have been integrated into SMC frameworks to improve adaptability and fault tolerance [23–25]. 
Recent works have reported progress in handling actuator faults [26, 27], backlash [28, 29], and input saturation [30, 31]. 
Reviews of advanced manipulator control [32, 33] emphasize that although significant progress has been made, achieving a 
unified solution that balances finite-time convergence, observer-based disturbance rejection, adaptive gain regulation, and 
chattering minimization, remains a major challenge. 

Motivated by these limitations, this study introduces an Observer-Based Finite-Time Adaptive Reinforced Super-
Twisting Sliding Mode Control (OFASTSMC) framework. The proposed method integrates: 

− a finite-time extended state observer for online estimation of lumped disturbances and actuator faults; 
− a reinforced sliding surface with adaptive exponents to accelerate convergence; 
− an adaptive super-twisting control law with boundary-layer smoothing to reduce chattering. 
The main contributions of this work are: 
1. Rigorous theoretical guarantees of finite-time stability under disturbances and actuator faults using Lyapunov-based analysis. 
2. A unified adaptive design that combines observer feedback, adaptive gain tuning, and smooth control action. 
3. Extensive validation on a 2-DOF robotic manipulator benchmark, demonstrating superior robustness, precision, 

and fault-tolerance compared to AGITSMC. 
Materials and Methods 
1. Mathematical Model of an n-DOF Robotic Manipulator 
Robotic manipulators are governed by highly nonlinear and coupled dynamics due to their mechanical structure and 

interaction with the environment. For an 𝑛𝑛-degree-of-freedom (DOF) serial robotic manipulator operating in joint space, 
the dynamic equations of motion can be represented by the standard Lagrangian formulation as follows [22]: 

 ( ) ( ) ( ), ,d fH q q C q q q G q F qυ+ + + = τ + τ + τ     (1) 

where q ∈ ℝn — joint position vector; q̇, q̈ ∈ Rn — joint velocity and acceleration vectors; H(q) ∈ ℝn×n — positive definite 
and symmetric inertia matrix; C(q, q̈ )∈ Rn×𝑛𝑛  — Coriolis and centrifugal matrix; G(q) ∈ ℝn — gravity torque vector, 
Fυ ∈ ℝn×n — diagonal matrix of viscous friction coefficients; τ ∈ ℝn — control input torque; τd ∈ ℝn — unknown external 
disturbance torque; τf ∈ ℝn — actuator fault torque.  

Actuator Fault and Disturbance Model. To model practical degradation and failures in actuators, we assume that 
actuator faults τf are additive, bounded, and possibly time-varying. The total unmodeled input is defined as: 

 .u d fτ = τ + τ   (2) 

We assume that τu(t) is bounded as: 

 ( ) ( ) ( ) 2
0 1 2 ,u t a a q t a q tτ ≤ + +    

where a0, a2, a2 > 0 are unknown positive constants. 

 
Fig. 1. n-DOF Robotic Manipulator 

https://vestnik-donstu.ru/
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Properties of the Dynamics. The manipulator dynamics satisfy the following standard properties, which are essential 
for control design and stability analysis: 

− P1: H(q) is symmetric and uniformly positive definite. 
− P2: Ḣ(q) – 2C(q, q̇) is skew-symmetric. 
− P3: All terms H(q), C(q, q̇), G(q) are locally Lipschitz and satisfy polynomial growth bounds in q, q̇. 
Objective. Given a desired trajectory qd (t) ∈ C2, the control objective is to design a robust, adaptive control law τ(t) such that: 

 ( ) ( ) ( ) ( )lim 0   and   lim 0,d dt T t T
q t q t q t q t

→ →
− = − =   (3) 

in finite time T < ∞, despite the presence of unknown bounded disturbances τd, actuator faults τf, and parametric 
uncertainties. 

2. Design of the OFASTSMC Algorithm 
Define Tracking Errors: 

 ( ) ( )1 2,   .d de q q t e q q t= − = −   (4) 

Reinforced Sliding Surface 

 ( ) ( )1 2

2 1 1 1 2 1 1sign sign ,p ps e e e e e= +α +α   (5) 

with adaptive exponents p1(t), p2(t) ∈ (0, 1) based on state magnitude: 

 ( ) ( )1 2
1 2

1 1,    .
1 1 dq q

p t p t
e e− −

= =
+ κ + κ 

 (6) 

Finite-Time Observer (Modified ESO): 

 
( )0 prevˆ ,d

s s
dt

λ −
τ =  (7) 

where λ0 > 0, sprev is the previous value of s. 
Adaptive Gain Laws: 

 1 1 2 2,    .K s K s ρ= γ = γ   (8) 

Control Law (OFASTSMC): 

 ( ) ( ) ( ) ( )1 2 ˆsign , .d ds K s K s s C q q G q F q H q qρ
υτ = −λ − − − τ + + + −     (9) 

Advantages over existing approaches. Compared with the conventional Super-Twisting Algorithm (STA), the 
proposed OFASTSMC does not require prior knowledge of disturbance bounds and significantly reduces chattering 
through adaptive gain limitation and boundary-layer smoothing. Unlike AGITSMC, which ensures finite-time 
convergence but often results in overestimated control gains and residual switching effects, OFASTSMC employs 
adaptive exponents on the sliding surface and a finite-time observer to achieve faster convergence with smoother control 
inputs. Furthermore, in contrast to disturbance-observer-based methods [3, 23], which typically rely on fixed-gain 
designs, OFASTSMC integrates observer feedback with adaptive gain tuning into a unified structure, thereby providing 
both robustness and computational efficiency. 

3. Stability Analysis 
Assumption 1. Desired trajectory qd (t) ∈ C2, bounded with bounded derivatives. 
Assumption 2. Disturbance and fault torque bounded: 

 ( ) ( ) 2
0 1 2 .d f a a q t a q tτ + τ ≤ + +    (10) 

Lemma 1. Finite-Time Convergence of Sliding Variable 
Consider the differential equation: 

 ( ) ( ) ( ) ( )( )1 2 1 2sign ,    , 0,    0 1.s t k s t k s t s t k k
ρ

= − − > < ρ <  (11) 

Then the sliding variable s(t) converges to zero in finite time Ts, i.e., exists Ts > 0 such that s(t) = 0 for all t ≥ Ts. 
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Proof. 
We define a Lyapunov candidate function: 

 ( ) 21 .
2

V s s=  (12) 

The derivative of V(s): 

 
( ) ( )( ) ( )( )

( )

1 2 1 2

112 2
1 2 1 2

sign sign

               2 2 .

V s ss s k s k s s s k s k s s

k s k s k V k V

ρ ρ

+ρ
+ρ

= = − − = − − =

= − − = − −





 (13) 

Let ( )1 0.5,1
2
+ρ

α = ∈ , so: 

 ( ) ( )1 22 2 .V s k V k V α≤ − −   (14) 

This is a differential inequality of the form: 

 ( ) ( ) ( ) ,    , 0,  0 1.V t aV t bV t a bα≤ − − > < α <   (15) 

According to standard finite-time stability theory [23–25], this implies that: V(t) → 0 in finite time. 
Let us estimate the settling time. Ignoring the linear term –2k1V, for a conservative bound: 

 ( )2 22 ,    2V k V CV C kα α α≤ − = − = .  (16) 

Separate variables: 

 
dV Cdt
V α ≤ − .  (17) 

Therefore: 

 
( )

( )

( ) ( )
( )

( )

( )

12

1 10
01

0
20 0

0
20 01 ,

1 1 1 2 1

sT

s sV
V

s
V VdV C dt V CT T

CV k

−α

−α −α
−α

α α

 
  
  ≤ − ⇔ = ≥ ⇒ ≤ = −α −α −α −α∫ ∫   (18) 

where V(0) is the initial Lyapunov value and Ts is the maximum setting time. Thus, s(t) → 0 in finite time. 
Theorem 1. Finite-Time Stability of Tracking Error 
For the nonlinear robotic manipulator system (1) under the observer-based finite-time adaptive super-twisting sliding 

mode control (OFASTSMC) (9) with the sliding surface (5) and adaptive gains (8), then the tracking error e1 = q – qd 
converges to zero in finite time. 

Proof. 
From (4):  

 ( )1
2 .d d f de q q H Cq G F q−

υ= − = τ + τ + τ − − − −       (19) 

Substitute control law (9) into (19), then: 

 ( )( )1
1 2 ˆsign .d d fq H s K s K s sρ−= −λ − − − τ + τ + τ   (20) 

From (5), the derivative of s(t): 

 ( )1 21 1
1 1 1 2 2 1 2 .p p

ds q q p e p e e− −= − + α +α    (21) 

So: 

 ( )( ) ( )1 21 11
1 2 1 1 1 2 2 1 2sign ,p p

ds H s K s K s s p e p e eρ − −−= − λ + + + τ + α +α   (22) 

where ( )ˆd d d fτ = τ − τ + τ . 

We choose a Lyapunov candidate function: 

 ( ) 1
2

TV s s s= .  (23) 
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The derivative of V(s): 

 
( ) ( )( ) ( )( )

( )( ) ( )

1 21 11
1 2 1 1 1 2 2 1 2

1 1
1 2 1

sign

                 sign , , ,

p pT T
d

T T T
d

V s s s s H s K s K s s p e p e e

s H s K s K s s s H s q q e

ρ − −−

ρ− −

= = − λ + + + τ + α +α =

= − λ + + − τ + Ψ



 

 

 (24) 

where ( ) ( )1 21 1
1 1 1 1 2 2 1 2, , p pq q e p e p e e− −Ψ = α +α . 

Now analyze each term. 
Term 1. Negative Definite Dissipation 

 ( )( ) 2 2 11
1 2 1 2sign .Ts H s K s K s s s K s K sρ +ρ−− λ + + ≤ −µλ −µ −µ  (25) 

Here, μ = λmin(H–1) > 0. 
Term 2. Estimation Error Term 

 1 1
max .T

d d ds H s H s− −τ ≤ τ ≤ µ τ    (26) 

This is where estimation error comes in. If the observer is well designed, then: 

 0   as   .d tτ → →∞  (27) 

So this is a bounded and vanishing term, eventually dominated by the strong negative dissipation in Term 1. 
Term 3. Nonlinear “Bounded” Term sTΨ: 

 ( ) ( )1 2 1 21 1 1 1
1 1 1 2 2 1 2 2 1 1 1 2 2 1 .p p p pT Ts s p e p e e s e p e p e− − − −Ψ = α +α ≤ α +α   (28) 

Let ( ) ( )1 21 1
1 1 1 2 2 1 2, , p pq q t p e p e e− −η = α +α . Then: 

 ( ) 1, , .Ts s q q t sΨ ≤ η = δ   (29) 

Combine (25), (26), (29) and (24): 

 ( ) ( ) 2 1
1 2 max 1dV s K s K s s s+ρ≤ −µ λ + −µ +µ τ + δ

 .  (30) 

Eventually, as: 

− 0dτ → ; 

− K1, K2 grow adaptively; 
− the first two negative terms dominate the last two, and V̇(s) < 0 with finite-time convergence. 
From (30): 

 ( ) ( ) ( ) ( )
1

1 122 22 2
1 2 1 2

1 12 2 ,
2 2

V t K s K s c V t c V t
+ρ

+ρ +ρ   ≤ − µ λ + − µ = − −   
   

  (31) 

with c1 = 2μ(λ + K1); c2 = 2(1 + ρ)/2μK2 > 0; 0 < ρ < 1. 
Then, by integrating the inequality using comparison theorems, we obtain a finite settling time T such that V(t) = 0 for 

all t ≥ T, where: 

 ( )
1

1 2

1
2

1 ln 1 0 .
11

2

cT V
c c

−ρ
 
 
 ≤ +

+ρ  −    

 (32) 

Or more conservatively, if we ignore the linear term –c1V(t), then:  

 ( ) ( ) ( )2
1,    0.5,1 .

2
V t c V tα + ρ

≤ − α = ∈  (33) 

As Lemma 1, integrating this gives the explicit finite-time convergence time: 

 ( )
( )

1

2

0
.

1
V

T
c

−α

≤
−α

  (34) 
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Results. To validate the effectiveness and robustness of the proposed Observer-Based Finite-Time Adaptive 
Reinforced Super-Twisting Sliding Mode Control (OFASTSMC), numerical simulations were conducted on a planar  
2-DOF robotic manipulator [34–36]. The results were compared against the benchmark Adaptive Global Integral 
Terminal Sliding Mode Control (AGITSMC) under identical conditions. 

Given link masses m1, m2, lengths l1, l2, and gravity g, the matrices are: 
− Inertia matrix M(q): 

 ( )
( ) ( )
( )

2 2 2 2
1 1 2 1 2 1 2 2 2 2 1 2 2

2 2
2 2 1 2 2 2 2

2 cos cos
.

cos

m l m l l l l q m l l l q
M q

m l l l q m l

 + + + +
 =
 + 

 (35) 

− Coriolis and centrifugal matrix C(q, q̇): 

 ( ) ( )2
2 1 2 2 2 2 2 1 2 2

2 1 2 2 1

sin cos
, .

sin 0

m l l q q m l l l q
C q q

m l l q q

 − +
=  
  







 (36) 

− Gravity vector G(q): 

 ( ) ( ) ( )
( )

1 2 1 1 2 2 1 2

2 2 1 2

sin sin
.

sin
m m gl q m gl q q

G q
m gl q q

 + + + 
=  + 

  (37) 

The external disturbance applied to each joint is defined as: 

 ( ) ( )
( )

sin
.

0.5cos 2d

t
t

t
 

τ =  
 

  (38) 

The actuator fault model assumes a loss of effectiveness that activates at time t = 3 seconds. The fault torque is defined as: 

 ( ) ( )
( )

1

2

3
.0.4

3
0.3

f

t
t u t

t
u t

≤


τ = −  >  − 

0
  (39) 

The desired joint trajectory was chosen to be smooth, bounded, and nonlinear to test the tracking performance under 
dynamic reference motion: 

 ( ) ( )
1.5

.
1 0.5sin 0.5

t

d

e
q t

t

− −
=  + 

  (40) 

The physical parameters of the 2-DOF planar manipulator used in the simulations are: m1 = 0.5(kg), m2 = 1.5(kg), 
l1 = 1.0(kg), l2 = 0.85(m), g = 9.81(m/s2). OFASTSMC parameters: λ = 10, α1 = 5, α2 = 3, ρ = 0.5, γ1 = 10, γ2 = 3, κ1 = 2, 
κ2 = 2, ϕ = 0.05, K1(0) = 5, K2(0) = 5. AGITSMC parameters: β = 3, k1 = 10, k2 = 4, k3 = 2, γ3 = 5/3; γ4 = 3/5. 

The angles of joints: 

 

Fig. 2. Angle of Joint 1 
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Fig. 3. Angle of Joint 2  

The tracking errors of joints: 

 
Fig. 4. Tracking error of Joint 1 

 
Fig. 5. Tracking error of Joint 2 

The sliding surfaces of joints: 

 
Fig. 6. Sliding surface of Joint 1 
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Fig. 7. Sliding surface of Joint 2 

The control laws of joints: 

 
Fig. 8. Control law of Joint 1 

 
Fig. 9. Control law of Joint 2 

Discussion. The simulation study demonstrates that the proposed OFASTSMC method achieves superior performance 
compared to AGITSMC across all evaluation criteria. Figures 2–5 illustrate that OFASTSMC enables faster convergence 
to the desired trajectory, reduced overshoot, and tighter error bounds. Figures 6, 7 confirm finite-time sliding surface 
convergence and smoother actuator torques, which are essential for practical implementation. These outcomes validate 
the theoretical stability proofs and confirm the robustness of OFASTSMC under disturbances and actuator faults.  

In relation to existing works, the results highlight several advances. For example, the authors [14] describe a finite-
time adaptive STA that improves convergence but suffers from high control amplitudes. Our method mitigates this 
limitation by introducing adaptive gain limitation and observer feedback. Similarly, in [3], a disturbance-observer-based 
controller with fault tolerance was developed, but without explicit adaptive reinforcement of the sliding surface. 
OFASTSMC extends this concept by combining real-time disturbance estimation with nonlinear adaptive exponents. 
Recent reviews [19, 20] emphasize the need for integrated frameworks that simultaneously achieve finite-time 
convergence, robustness to actuator faults, and chattering suppression. Our study directly addresses this gap by providing 
such a unified approach. 
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Conclusion. Based on the conducted research, the main conclusions are as follows: 
1. Theoretical contribution. A novel observer-based finite-time adaptive reinforced super-twisting sliding mode 

control (OFASTSMC) algorithm has been developed. It combines finite-time observer feedback, adaptive gain tuning, 
and reinforced sliding surfaces, ensuring stability under disturbances and actuator faults. 

2. Performance improvement. Compared with AGITSMC, the proposed method reduced maximum tracking error by 
more than 40% and shortened settling time by approximately 25%. Control signals were smoother due to gain limitation 
and boundary-layer smoothing. 

3. Robustness and fault tolerance. The adaptive observer accurately estimated lumped disturbances and actuator faults 
in real time, enabling effective compensation without prior knowledge of system bounds. 

4. Scientific novelty. Unlike previous methods that either rely on conservative gain settings or lack observer 
integration, OFASTSMC provides a unified framework that achieves finite-time convergence with minimal chattering. 

Practical implications. The proposed algorithm is computationally efficient and suitable for real-time implementation. 
Its robustness and smooth control action make it applicable to industrial manipulators operating in uncertain environments, 
surgical robots where precision and safety are critical, and service robots interacting with humans. 

Future research directions: 
− Extension of OFASTSMC to task-space control for complex multi-DOF manipulators. 
− Hardware validation on physical robotic platforms to confirm robustness under sensor noise and model 

uncertainties. 
− Integration with advanced trajectory planning and human–robot collaboration frameworks. 
− Exploration of hybrid methods combining OFASTSMC with learning-based adaptation for dynamic environments. 
In summary, OFASTSMC offers a strong advancement in the field of fault-tolerant control for robotic manipulators, 

bridging theoretical innovation with practical applicability. 
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